This study sought to identify the profile of circulating microRNAs (miRNAs) in type 2 diabetes (T2D) and its response to changes in insulin sensitivity.
Biomarkers in medical care are benchmarks in the body, preferably in blood circulation, that can be reliably evaluated to indicate the presence of physiological and metabolic disturbances (1) . Several components associated with the pathophysiology of type 2 diabetes (T2D) have been uncovered in the last decades, being the result of alterations in insulin secretion coupled with changes in insulin action in insulin-sensitive tissues (i.e., muscle, liver, and adipose tissue) and modulated by a complex multifactorial web of relationships (2) . In this new scenario, virtually all tissues and systems are active players, modulating both insulin action and response. The existence of this complex system aimed at regulating energy balance, in close association with the immune system and chronic inflammation, calls for a broader view of this paradigm (2) .
In this context, it has been postulated that circulating microRNAs (miRNAs) could act as a new mode of communication between insulinsensitive tissues (3) . miRNAs are a class of evolutionally conserved noncoding RNAs of [19] [20] [21] [22] nucleotides that function as negative regulators of gene expression (4) . Previous studies have identified the altered expression of miRNAs in insulin-sensitive tissues from obese and/or T2D patients, suggesting a potential role for these small RNA molecules in the complications associated with the metabolic complications (5, 6) . During the last 5 years, it has been demonstrated that miRNAs are not only intracellular molecules, since they are also detectable outside the cells in body fluids (e.g., in serum, plasma, saliva, urine, and milk) (7) . They are protected from degradation by RNAses because they are contained in small membranous vesicles (e.g., exosomes, exosome-like vesicles, microparticles, and apoptotic bodies) (8) , packaged within HDLs (9) , and linked to RNAbinding proteins (e.g., argonaute 2 and nucleophosmin 1) (10) . It has been suggested that extracellular miRNAs have specific physiological functions, depending on their cellular origin and regulating immune function, cell migration and differentiation, and other aspects of cell-to-cell communication (7, 11) . This has sparked the concept that extracellular miRNAs contained in body fluids could be useful as biomarkers for the detection and classification of diseases (12) . Indeed, their presence in plasma and the possibility of detecting and analyzing small interindividual variations make circulating miRNAs excellent potential biomarkers for complex systemic diseases such as T2D (8, 13, 14) . Thereby, body fluid miRNAs could provide an integrated view of the metabolic profile of T2D patients (15) .
By means of both cross-sectional and longitudinal analyses in men, which included placebo-controlled treatments with metformin, acute insulin (hyperinsulinemic-euglycemic clamp), and insulin infusion plus intralipid and heparin, known to induce insulin resistance (16) , this study aimed to identify the circulating miRNAs associated with T2D and their response to changes in insulin sensitivity.
RESEARCH DESIGN AND METHODS
The study design included the evaluation of circulating miRNAs in association with T2D in a four-step procedure: 1) discovery study (or identification sample), in which samples from 12 age-matched men with or without T2D were used for profiling miRNAs in plasma; 2) cross-sectional validation study, in which the most relevant circulating miRNAs for T2D were validated in 93 subjects (45 with normal glucose tolerance [NGT] and 48 T2D patients), including the men used during the discovery study; 3) longitudinal validation study, in which the miRNAs of interest were assessed in a randomized, placebo-controlled, and double-blinded validation study consisting of 18 placebo and 17 metformin-treated T2D patients; and 4) the analysis of miRNAs in plasma samples collected from young healthy male volunteers before and after insulin infusion (clamp) and when insulin was accompanied by intralipid and heparin, which induces insulin resistance.
Cross-Sectional Studies
An identification sample of 12 men (6 obese subjects [mean 6 SD BMI 33.3 6 3.9 kg/m 2 ], age 47 6 5 years) with NGT (fasting glucose 101.2 6 12.5 mg/dL, HbA 1c 31.2 6 1.9 mmol/mol) and 6 obese and T2D patients (BMI 41.9 6 10.4 kg/m 2 , age 43 6 3 years, fasting glucose 124.6 6 12.9 mg/dL, and HbA 1c 37.7 6 4.7 mmol/mol) was recruited and studied in the Endocrinology Service of the Hospital Universitari Dr. Josep Trueta (Girona, Spain) for profiling miRNAs in plasma using TaqMan Low Density Arrays (Applied Biosystems, Darmstadt, Germany).
Plasma specimens from an extended sample of 93 Caucasian men (45 NGT and 48 subjects with T2D), including the subjects used for the discovery study, were prospectively recruited from normal population and T2D outpatient clinics on the basis of a stable metabolic control in the previous 6 months, as defined by stable HbA 1c values during this period, as previously described (17) . This extended sample was used for validating the results assessed in the identification sample (Table 1 ).
The study protocol was approved by the Ethics Committee and the Committee for Clinical Investigation of the Hospital Universitari Dr. Josep Trueta. All subjects provided written informed consent before entering the study.
Metformin Study
The most relevant circulating miRNAs in T2D were also analyzed by individual TaqMan hydrolysis probes before (baseline) and 3 months after treatment in a randomized, placebo-controlled, and double-blinded study consisting of 18 placebo and 17 metformin-treated T2D patients (16 men and 19 women, age 53 6 8 years, fasting glucose 131.2 6 21.4 mg/dL, and HbA 1c 51.9 6 5.3 mmol/mol) ( Table 3 ).
After screening, diabetic patients were assigned to either therapy with metformin (Acyfabrik S.A., Madrid, Spain) or matching placebo after simple randomization procedures. Inclusion criteria were 1) age 18-65 years; 2) T2D diagnosis in the previous 6 months, as defined by the American Diabetes Association criteria; 3) absence of systemic and metabolic disease other than T2D and absence of infection within the previous month; 4) absence of diet or medication that might interfere with glucose homeostasis, such as antibiotics and glucocorticoids; and 5) HbA 1c ,9% (75 mmol/mol). Exclusion criteria included 1) clinically significant major systemic disease, including malignancy; 2) clinical evidence of hemoglobinopathies or anemia; 3) history of drug or alcohol abuse, defined as .80 g/day in men and .40 g/day in women; 4) acute major cardiovascular event in the previous 6 months; 5) acute illnesses or current evidence of acute or chronic inflammatory or infective diseases; and 6) mental illness rendering the subjects unable to understand the nature, scope, and possible consequences of the study.
All participants were requested to withhold alcohol and caffeine during at least 12 h prior to the tests. During the first month, normal-weight or overweight patients were only instructed to maintain a diet containing 25 kcal z kg or 20 kcal z kg, respectively. Then, an active phase of treatment that included diet plus metformin or diet plus placebo lasted 3 months. Metformin treatment started at a 425 mg/day and increased progressively during the first week to reach 1,700 mg/day. Genomic measurements in plasma were performed at baseline and 3 months after starting treatment.
All subjects gave written informed consent after the purpose of the study was explained to them. The experimental protocol was approved by the Ethics Committee and the Committee for Clinical Investigation of the Hospital Universitari Dr. Josep Trueta, so we certify that all applicable institutional regulations concerning the ethical use of information and samples from human volunteers were followed during this research.
Clamp Studies and Insulin Plus Intralipid/Heparin Infusion Studies
Hyperinsulinemic-euglycemic clamp is a method for estimating insulin sensitivity, based on the assumption that, during steady-state hyperinsulinemic euglycemia, glucose infusion rate equals glucose uptake by tissues. Thus, the higher the glucose infusion rate, the higher the insulin sensitivity (18) . Circulating miRNAs were analyzed in plasma samples collected from healthy young male volunteers (Table 3 ) before and after (360 min) insulin infusion (clamp) and when e The relative quantification of miRNAs in plasma measures the presence (concentration) of a specific miRNA and is calculated as 2^(2DC t ) for each sample, as previously described (27) . DC t values are defined as the raw C t value 2 average of raw C t values for the selected reference miRNAs (miR-106a, miR-146a, miR-19b, and miR-223) in each sample.
insulin was accompanied by intralipid, a mixture of triacylglycerols and heparin, which induces insulin resistance (19) .
Insulin sensitivity was measured in this independent cohort of 7 healthy men (age 28 6 4 years, BMI 25 6 3 kg/m 2 , and whole-body glucose uptake [M value] 5.7 6 2.3) with the hyperinsulinemic-euglycemic clamp technique, as previously described (19 No differences in the steady-state for insulin concentrations between both protocols were observed. Blood samples for the determination of circulating miRNAs were collected before the beginning of the insulin infusion and after treatment at 360 min. Plasma samples were obtained by centrifugation immediately after collection. Samples were stored into polypropylene test tubes and frozen at 2808C and were not exposed to thawing/refreezing cycles before analyses. There were no significant differences regarding the circulating miRNA concentrations between "basal" time points (i.e., before the insulin infusion and the infusion of insulin accompanied by intralipid). The protocol was approved by the Ethics Committee of Medical University of Bialystok. All subjects gave written informed consent before entering the study. Fig. 1 ). Then, the geometric mean of the most stable (or "rank invariant") miRNAs in plasma (miR-106a, miR-146a, miR-19b, and miR-223) was used as the normalizing factor, as implemented in the HTqPCR R package (20) . See in the Supplementary Data and Supplementary Fig. 2 for additional details on procedures and analytical validations.
Statistical Methods
Before statistical analysis, normal distribution and homogeneity of the variances were evaluated using the Levene test. Variables were given in a base log 2 -transformation, and analyzed on that log 2 scale, when necessary. ANOVA or paired t tests were performed to study differences in quantitative variables between groups. The semiquantitative concentrations for the different miRNAs were correlated (Spearman test) with clinical parameters. Receiver operating characteristic analysis was run in order to measure sensitivity and specificity of circulating miRNAs in detecting diabetes at different cutoff points (21) . Of note, the greater the area under the curve, the better the prediction value of circulating miRNAs for detecting diabetes, being that area under the curve of 0.5 means no prediction and 1.0 the perfect prediction value (21) . Statistical analyses were performed with the SPSS statistical software (SPSS version 12.0, SPSS, Chicago, IL), and the R Statistical Software (http://www.r-project.org/). The SL qpcrNorm Package (Bioconductor) was also used for the analysis and normalization of the arrays (20) .
RESULTS

Comprehensive Circulating miRNA Profiling
Plasma miRNA profiling was first performed on a subgroup of subjects (n = 12 men; 50% T2D patients (Table 1 and Fig. 1 ). In agreement, circulating concentrations of the selected miRNA candidates were significantly associated with fasting glucose, HbA 1c , and fasting triglycerides, among others (Table 2 ).
In multiple linear regression models, combination of increased BMI (BMI, P = 0.03) and circulating concentrations of miR-140-5p (P , 0.0001) with decreased miR-423-5p (P , 0.0001) in plasma contributed to explain together ;51% (P , 0.0001) of fasting glucose variance after adjustment for age (Table  2) . Only decreased miR-423-5p and increased miR-140-5p concentrations in plasma (both P , 0.0001) explained together ;49% (P , 0.0001) of fasting glucose variance in nonobese subjects after correction for age and BMI ( Table  2 ). Of note, discriminant analyses computed for these results revealed that four miRNAs (miR-142-3p, miR-423-5p, miR-195, and miR-126) were specific for T2D with a diagnostic accuracy of 89.2%, estimated with the "leave-one-out" method. The P value (computed by successive permutations and corresponding to the number of times that, when permuting the values, an error equal or below the real error rate divided by the number of tests was found) was ,0.001, allowing the accurate classification of subjects with NGT or T2D patients. In agreement, the area under the receiver operating characteristic curve was 0.975 using this model, indicating great sensitivity and specificity of these four circulating miRNAs in detecting diabetes at different cutoff points.
Effects of Metformin on miRNA Candidates
For further validation of cross-sectional findings and for testing of whether values of miRNA candidates for T2D in plasma may be modified by insulin sensitizers, the previously identified circulating miRNAs were analyzed before (baseline) and 3 months after treatment in a randomized, placebocontrolled, and double-blinded validation study consisting of 18 placebo and 17 metformin-treated T2D patients (Table 3) .
On average, all subjects lost 4-5% of their initial BMI at 3 months after treatment, most probably owing to the diet. However, only the metformin group showed significant improvements in insulin resistance, as demonstrated by decreased homeostasis model assessment of insulin resistance (228%, P = 0.02), fasting glucose (212.7%), and HbA 1c (29.5%, both P , 0.0001). Interestingly, plasma concentrations of four circulating miRNA candidates for T2D were also significantly modified by metformin (but not by placebo), leading to a marked decrease of circulating miR-140-5p (216%, P = 0.004) and miR-222 (247%, P = 0.03), and increased miR-142-3p (38%, P = 0.025) and miR-192 (49.5%, P = 0.022) concentrations in plasma.
Effects of Clamp and of Insulin Plus Intralipid/Heparin Infusion on miRNA Candidates
The whole profile of circulating miRNAs was also investigated in seven healthy men before and after the hyperinsulinemic-euglycemic clamp with or without intralipid/heparin infusion. First, DC t normalized values were obtained as the raw C t value 2 average of raw C t for all miRNAs with reliable results in each sample. This measurement disclosed the significant modification of 10 miRNAs in plasma after the clamp and/or insulin plus intralipid/heparin infusion. Among them, the circulating concentrations of miR-320 and miR-660 significantly decreased after clamp (22.0 and 21.8-fold, P , 0.02) but were enhanced by insulin plus intralipid (1.6-and 2.7-fold, respectively, P , 0.05). In this longitudinal study, we also evaluated the specific modulation of the identified miRNA candidates for T2D using the geometric mean of the selected reference miRNAs (miR-106a, miR-146a, miR-19b, and miR-223) as endogenous control. In this case, only miR-222 was significantly modified by clamp (262%, P = 0.002), while insulin plus intralipid/heparin infusion significantly increased circulating concentrations of miR-140-5p (67.5%, P = 0.05), miR-222 (163%, P = 0.015), and miR-195 (165%, P = 0.003).
CONCLUSIONS
The proper identification and characterization of T2D will gain importance if researchers succeed in developing treatments able to delay or even stop the progression of this disease. Such treatments may be most effective if used as early as possible in the course of the illness, targeting the basis of the glucose homeostasis deregulation. Also, during the followup, this goal can only be achieved by identifying biomarkers for predicting and monitoring the progression of insulin resistance and further complications. The weaknesses of the blood parameters thus far used in this context highlights the importance of research targeting the potential use of new biomarkers such as miRNAs in this field (14) .
The discovery and characterization of miRNAs has been considered a major scientific breakthrough in the last years (4) . Many studies have demonstrated the important role of miRNAs in the knowledge regarding several aspects of health and disease (22) . In the current study, we postulated the identification of distinct circulating miRNA profiles, which may also be of relevance in T2D. Indeed, we provide here the crosssectional identification of at least 10 circulating miRNAs associated with T2D. Thus, beyond fasting glucose and HbA 1c , circulating differences between subjects with NGT and T2D patients included increased concentrations of miR-140-5p, miR-142-3p, and miR-222 and decreased miR-423-5p, miR-125b, miR130b, miR-192, and miR-126, among others. Noteworthy, discriminant analyses revealed that the circulating concentration of four of them (miR-142-3p, miR-423-5p, miR-195, and miR-126) was specific for T2D, with a diagnostic accuracy of 89.2%, and that only two (miR-140-5p and miR-423-5p) contributed to explain together ;49% of fasting glucose variance after correction for confounders. However, the most striking aspects in this study include longitudinal validations of transversal findings, which imply the possibility of modulating circulating miRNAs through the application of insulin sensitizers such as metformin.
Decreased Circulating miRNAs in T2D
In 2010, Zampetaki et al. (13) defined a miRNA profile in pools of plasma from subjects with T2D, identifying low miR-15a, miR-126, miR-223, miR-29b, and slightly increased circulating miR-28-3p in patients compared with control subjects. Indeed, except for miR-28-3p, all differentially expressed species miRNA in plasma were less abundant in T2D (13) . More recently, Karolina et al. (23) identified miR-197, miR-23a, miR-509-5p, miR-130a, miR-195, miR-27a, and miR-320a as potential contributors in metabolic syndrome and T2D, and Kong et al. (24) validated the clinical relevance of seven hypothetically diabetes-related miRNAs (miR-9, miR29a, miR-30d, miR-34a, miR-124a, miR146a, and miR-375) in serum samples from 18 T2D cases, 19 individuals with impaired glucose tolerance, and 19 subjects with NGT, disclosing elevated expressions of these circulating miRNAs in T2D patients. Differences in methodology management and statistical evaluation of results, such as the starting sample (e.g., serum vs. plasma, utilization of pools of samples, etc.), the proper selection of endogenous controls and normalization during experimental procedures, and clinical differences between case and selected and/or available control subjects, may explain most part of these discrepancies. The present work corroborates the decreased concentrations of miR-126 in plasma from T2D patients and identifies decreased miR-192, miR-125b, miR130b, and miR-423-5p in T2D subjects.
Decrease of miR-192 has been associated with the progression of diabetic nephropathy (25) . In agreement with this, current findings showed the inverse relationship between circulating concentrations of miR-192, urea (r = 20.47, P = 0.002), and creatinine (r = 20.26, P = 0.03) in a subsample of 71 healthy subjects (data not shown). Current results also reveal decreased miR-192 in plasma from T2D patients and its upregulation after treatments with metformin in parallel to (27) , as well as in T2D patients (current results), depicting the close correspondence between circulating miRNA profiles for severe obesity and T2D. No significant changes in response to metformin or insulin were observed, despite the relatively strong and consistent inverse association of miR-423-5p with parameters of insulin resistance. Less information is available about circulating levels of miR-130b. Of note, decreased miR-130b has been described in subcutaneous adipose tissue from T2D subjects (28) .
Increased Circulating miRNAs in T2D
One of the most interesting aspects of this study is the positive association of circulating miRNAs that have previously been identified in morbid obesity, namely, miR-142-3p, miR-140-5p, and miR-222 (27) , with T2D. This fully agrees with the well-recognized incidence and prevalence of T2D among severe obese subjects (29) . It is possible that common underlying mechanisms leading to T2D are overrepresented in these subjects, and miRNA may constitute one of them.
The expression of miR-142-3p has been postulated as a biomarker for acute and chronic inflammation (30) . Increased levels have been reported in patients with vascular damage (31) . miR-142-3p (32) and miR-140 (33) species are consistently increased in plasma from obese subjects (27) in addition to T2D patients (current results). Although circulating miR-142-3p showed no significant response to metformin or insulin infusion, mir-140-5p concentrations decreased after the metformin-induced improvement of insulin resistance while increasing with worsening of insulin resistance using insulin infusion plus intralipid in healthy subjects (34) . Thus, both insulin sensitizations in T2D patients and insulin resistance in healthy volunteers significantly modified circulating levels of miR-140-5p.
miR-222 also showed increased expression in response to stress (35) , increased circulating concentrations in T2D patients, and a concordant downregulation after treatment with insulin sensitizers. One previous work identified increased expression of miR-222 and its paralogue, miR-221, which are known to promote intimal thickening in internal mammary artery segments from T2D patients (35) . Interestingly, miR-222 levels inversely correlated with the metformin dose in T2D patients who were treated with this drug (36) , suggesting the negative modulation of this miRNA by metformin. Current findings further demonstrate the negative effect of metformin on the circulating concentrations of this miRNA in a double-blinded fashion. Moreover, the circulating concentrations of miR-222 decreased during insulin infusion, while increasing after insulin plus intralipid/ heparin. Of note, increased circulating miR-222 concentrations were reported in response to acute exhausting exercise training (37) and in healthy subjects with low fitness (38), which also highlights the association of this miRNA in plasma with insulin action.
Summary
This study provides a comparative profiling of circulating miRNAs in T2D case subjects and age-and sex-matched control subjects and the identification of specific miRNAs in the circulation that are associated with insulin action. To our knowledge, this is the first study to investigate the effect of metformin treatment and intralipid/heparin infusion on circulating miRNAs. Noteworthy, the modifications observed after metabolic changes induced by metformin, insulin, and insulin plus intralipid infusions demonstrate that components of this profile are regulated in parallel to insulin action. However, the current study has some limitations that may impact on the interpretation of the results. 1) The relatively small size of the cohorts analyzed, which call for further validations in extended samples.
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